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INTRODUCTION
Ferromagnetic resonance (FMR) is an important technique for investigating both the static and dynamic properties of ferromagnets [1] [2] [3] [4] [5] and spintronic devices. For modern magnetic storage applications, such as hard disk drives (HDD) and magnetic random access memory (MRAM), FMR is especially helpful for characterizing magnetic anisotropy and damping in materials. In particular, the anisotropy is important for the thermal stability of the magnetic data bits and both the anisotropy and damping determine the writing current of spin-torque MRAM. 6 The scaling of devices and magnetic recording bits to the nanometer scale also indirectly creates a need for higher frequency measurement. In nanomagnets, the effects of thermal agitation of the magnetization are increasingly significant, and to maintain stability of recorded information, high magnetic anisotropy materials are needed. [7] [8] [9] [10] Since the ferromagnetic resonant frequency increases with the anisotropy field, pursuit of materials with higher thermal stability can create a need for resonant frequency measurements at frequencies over 100 GHz. 11 Conventional FMR methods using commercially available connectors, waveguides, and cabling are generally limited in frequency range up to tens of gigahertz. For higher frequency electric circuits, the waveguides and connectors become significantly more expensive, and they have greater losses. For higher frequencies and shorter time scales, optical techniques provide opportunities to extend the frequency bandwidth to the terahertz regime. Time resolved magnetooptical Kerr effect (TR-MOKE) is one of such optical FMR techniques widely used for investigating magnetization dynamics.
12 TR-MOKE employs a femtosecond pulsed laser to excite the magnetization, and a weaker, delayed pulse to detect the magnetization state as a function of time delay after the pump pulse.
In this work, we have developed a hybrid magneto-optical/microwave technique that uses conventional microwave methods to excite magnetization precession, but optical methods for detection. Previous hybrid measurement methods include continuous microwave excitation of the sample and optical detection using a fast photodetector 13 or a sophisticated heterodyne detection scheme. 14 Here, we take advantage of developments in fiber-optic telecommunication devices to create 1550 nm light that is amplitude modulated at the microwave frequency (RF), and we use this light to perform phase-sensitive stroboscopic measurements of the magnetization precession.
EXPERIMENTAL
A schematic of our measurement setup is shown in Fig. 1 . It is composed of two main parts: the RF circuitry to excite the magnetization dynamics and the optical "circuitry" to detect the magnetization dynamics. These two main parts are coupled The output of SG 1 is fed to a coplanar waveguide (CPW) for excitation of the magnetization in a 30 nm thick film of Fe 18 Co 72 B 10 (FeCoB), which was deposited on a 300 lm thick silicon substrate. The sample is glued onto the CPW with its film facing upward so that the laser is directly incident on the FeCoB film, and the CPW is placed between the poles of an electromagnet such that the static magnetic field is parallel to the sample plane. The RF current in the CPW creates a RF magnetic field orthogonal to the static magnetic field and mostly in the plane of the sample film. To improve signal-to-noise quality, the RF current is amplitude modulated at 10 kHz intermediate frequency (IF) , and the signal from the photodetector is demodulated by the lock-in amplifier. This arrangement allows shot-noise-limited operation of the balanced detector. 16 In the optical part of the setup, we use a linearly polarized telecommunications fiber laser (wavelength ¼ 1550 nm) and electro-optical modulator (frequency bandwidth of 10 GHz) to create light with the same frequency as the RF current used for excitation. The modulator's microwave driving amplitude and DC offset are adjusted to achieve nearly full modulation of the light intensity, which we verify using a fast photodiode and microwave oscilloscope. The modulated laser light is then collimated in free space, and directed onto the sample at 20 away from the sample normal. The incident light is polarized and aligned by a three-paddle polarization controller in the fiber (not shown) and polarizer. The reflected light passes through a k/2 wave plate and a polarizing beam splitter to be detected by a balanced detector. The k/2 wave plate is adjusted to obtain a power ratio in the signal and the reference channels that is suitable for autobalancing.
We record the voltage detected by the balanced detector, V det , while sweeping the static magnetic field and maintaining a constant RF frequency. On resonance, the magnetization precession in the FeCoB creates a Kerr angle oscillation at the RF frequency. The oscillation in the Kerr angle and the modulation in the light intensity mix to produce a slowly varying (IF) voltage signal at the balanced detector, as will be shown below in a detailed derivation. We modulate the microwave power to the coplanar waveguide at 10 kHz, and we use a lock-in amplifier to perform phase-sensitive detection. This arrangement is necessary both because the autobalance feature of the detector nulls low-frequency signals, and also because it allows us to measure in a frequency range where 1/f noise is not dominant.
THEORY
FMR is well explained by the phenomenological Landau-Lifshitz-Gilbert equation. 17, 18 We consider a soft magnetic film with magnetization M s in a slowly varying applied field H kz and a microwave magnetic field H RF ¼ h 0 cos ðxt þ hÞ kỹ. The phase h reflects the difference in effective path lengths for the microwave signal and optical signal reaching the sample. Near the ferromagnetic resonance condition given by
The out-of-plane component of the magnetization induced by the RF magnetic field is
Here, the off-diagonal component of the susceptibility tensor is separated into a symmetric real part, v 0 and an antisymmetric imaginary part, v
where H 0 is the resonance field, the half-linewidth is dH ¼ ax 0 =c, where c is the gyromagnetic ratio and a is the phenomenological Gilbert damping parameter.
The out-of-plane component of the magnetization is measured via the magneto-optical Kerr effect. Upon reflection from the sample, the polarization of the light is rotated by an angle du, which is proportional to dm x by du ¼ U k dm x =M s , where U k is the Kerr rotation angle. For small polarization angle rotations, the auto-balanced detector yields a voltage that is the product of a gain factor A, the total incident power on the detectors, P 0 , and the polarization angle fluctuation
The light power has a time dependence that is produced by the electro-optic modulator
Because the polarization angle and the light intensity both contain components that oscillate at frequency x, the product of the light intensity and the polarization angle yields a slowly varying term and also terms that oscillate at frequencies x and 2x. As the photodetector frequency response is limited to 100 kHz, only the slowly varying term is important
The detected voltage is therefore a combination of the real and imaginary parts of the susceptibility that depends on the relative phase between the microwave field and the intensity of the incident light. Figure 2 shows the spectra of the detector output voltage, V det as a function of the external field. The spectra exhibit features at magnetic fields that shift to higher field as the RF frequency increases. We fit these features using V det ðHÞ ¼ C ðSðHÞ cos h þ AðHÞ sin hÞ;
RESULTS
where
The functions
are a symmetric Lorentzian and antisymmetric Lorentzian, respectively, following the form of Eq. (3). The lines in Fig.  2 demonstrate that Eq. (7) describes that data well, and the fits yield reasonable values for H 0 , dH, h, and C. The resonance field H 0 and the linewidth r obtained from the fits of the spectra are summarized in Fig. 3 . The saturation magnetization of l 0 M s ¼ 1:660:1 T was estimated from the plot in Fig. 3(a) by fitting using Eq. (2) . In this fit, we assumed that the gyromagnetic ratio is c % 28 GHz/T. For applied fields H ( M s , as in this experiment, the values of c and M s are difficult to fit separately, but among the transition metals, c typically varies by only 5%. Therefore, we have incorporated this variability of c in our uncertainty estimate for M s .
The Gilbert damping was also estimated to be a ¼ 0:009560:0004 by the plot in Fig. 3(b) using dH ¼ ax 0 =c. Uncertainties reported here represent one standard deviation of the fit. The fit values of l 0 M s and a are in reasonable agreement with other reports. 19 The other fitting parameter C is also useful for evaluating the measurement sensitivity with respect to the magnitude of magnetization precession. For instance, at 10 GHz we obtained C ¼ À65 6 2 lV. With A ¼ 200 V/mW defined by the balanced detector, P 0 ¼ 1 mW, dH ¼ 3.73 mT, and assuming U k to be on the order of 10 À3 rad, we estimate the parameter h 0 to be on the order of 0.02 mT, which yields the precession cone angle in the filmnormal direction e ¼ sin À1 jdm x j % 1 . The estimation of h 0 from the signal amplitude is in order-of-magnitude agreement with the value h 0 ¼ 0.017 mT calculated based on the RF power (¼31 mW) applied to the CPW. Since the magnetization precession is elliptical due to the strong demagnetizing field, the cone angle in the in-plane direction is generally greater and is estimated to be $5
. Our FMR signals predominantly come from the film normal component of the precession dm x due to our optical configuration, which is sensitive to the polar Kerr effect. We emphasize that based on our observed noise level, this measurement is sensitive enough to detect magnetization precession angles less than 1 . Since Eq. (7) suggests that the variation in the spectrum shapes shown in Fig. 2 is already indicative of phase sensitive detection, we performed control measurements to demonstrate the phase sensitivity in our stroboscopic technique. We apply a microwave field at a constant RF frequency of 5 GHz into both the electro-optical modulator and CPW. Then, the phase of the RF current on the CPW is controlled by the phase shifter in SG 1. In this way, the magnetization precession phase relative to the laser pulse phase can be deliberately controlled. As shown in Fig. 4 , the stroboscopic FMR spectra show a linear phase change from the symmetric to antisymmetric Lorentzian, when the phase delay of SG 1 varies from 0 to 360 . The fitted phase angle of the Kerr signal h increases at the same rate as the phase delay made in . This phase sensitive capability would be especially useful for investigating the magnetization dynamics involving a small perturbation due to spin Hall torque and spin orbit torques.
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CONCLUSION
This demonstration of stroboscopic detection is a step on the path to an all-optical FMR measurement technique, analogous to the optically driven TR-MOKE, but where the oscillation of the laser intensity (requiring much higher intensity than we used in this work) would simultaneously excite continuous magnetization precession via heating and or demagnetization, and also would detect precession via the stroboscopic magneto-optical Kerr effect. For highfrequency operation, it would be desirable to eliminate the need for frequency-limiting microwave components, such as signal generators, modulators, and waveguides. Instead, we anticipate that such an all optical system would rely on current developments in lasers with microwave and millimeter wave repetition rates to replace the electro-optical modulator and microwave signal generator. [23] [24] [25] [26] [27] In summary, we have developed a new FMR measurement technique using stroboscopic magneto-optical Kerr effect and we have demonstrated the operational principle of this measurement. In the resonance condition, oscillations in the Kerr angle and in the light pulses mix to produce a slowly varying resonance voltage signal. The FMR spectral peak was characterized by a superposition of a symmetric Lorentzian and an antisymmetric Lorentzian. From the peak shape, we were able to estimate the oscillation phase of the magnetization precession with respect to the oscillation of the light intensity, proving that this novel measurement technique is phase sensitive. We suggest that the same operation principle could be used to extend the measurement bandwidth up to the terahertz regime for ultrafast dynamics measurements. FIG. 4 . A series of V det spectra with various phase delays set at SG 1. The spectra are offset vertically by an equal amount for clarity. From the bottom-most spectrum to the top, the phase delay is increased in increments of 30 from 0 to 360 . The vertical dotted line indicates the position of the resonant field. The inset shows h obtained from Eq. (7) as a function of the phase delay set at SG 1. The red line, included for comparison, has a slope of 1.
